Self-assembly of molecules on surfaces is a route toward not only creating structures, but also engineering chemical reactivity afforded by the intermolecular interactions. Dimethyldisulfide (CH 3 SSCH 3 ) molecules self-assemble into linear chains on single-crystal gold surfaces. Injecting low-energy electrons into individual molecules in the self-assembled structures with the tip of a scanning tunneling microscope led to a propagating chemical reaction along the molecular chain as sulfur-sulfur bonds were broken and then reformed to produce new CH 3 SSCH 3 molecules. Theoretical and experimental evidence supports a mechanism involving electron attachment followed by dissociation of a CH 3 SSCH 3 molecule and initiation of a chain reaction by one or both of the resulting CH 3 S intermediates.
Self-assembly of molecules on surfaces is a route toward not only creating structures, but also engineering chemical reactivity afforded by the intermolecular interactions. Dimethyldisulfide (CH 3 SSCH 3 ) molecules self-assemble into linear chains on single-crystal gold surfaces. Injecting low-energy electrons into individual molecules in the self-assembled structures with the tip of a scanning tunneling microscope led to a propagating chemical reaction along the molecular chain as sulfur-sulfur bonds were broken and then reformed to produce new CH 3 SSCH 3 molecules. Theoretical and experimental evidence supports a mechanism involving electron attachment followed by dissociation of a CH 3 SSCH 3 molecule and initiation of a chain reaction by one or both of the resulting CH 3 S intermediates.
S elf-assembled molecular structures on metal and semiconductor surfaces (1, 2) can produce properties that are not observed in isolated adsorbed molecules. For example, the proximity of atoms or molecules can allow their electronic states to delocalize (3) (4) (5) (6) , leading to increased electron mobility in the overlayer that can be desirable for potential applications in molecular electronics and organic solar cells (7) . Other functionalities that are enabled by self assembly include molecular cascades within prearranged molecules (8) , directional polymerization (9) , switching of electronic states of surface adatoms in molecular corrals (10) , and the tunable confinement of electronic surface states in supramolecular gratings (11) .
Here we report that chemical reactivity can also be induced by self-assembly. A linear chain of molecules (CH 3 SSCH 3 ) adsorbed on a gold surface has been found to respond collectively to electron attachment and undergo a chemical reaction that involves S-S bond dissociation and recombination reactions extending throughout the molecular assembly. The molecular self-alignment reduces the activation energy to break the S-S bond of the CH 3 SSCH 3 molecule inside the assembly by at least a factor of 5, allowing for the facile propagation of the chain reaction through as many as 10 neighboring molecules [on the Au(100) surface] before being quenched. The selfassembled molecular structure thus redirects the energy flow toward a chemical chain reaction involving multiple steps, rather than rapid dissipation into the metal bulk.
We have studied electron-induced reactions of CH 3 SSCH 3 molecules bonded to Au(111) and Au(100) surfaces using scanning tunneling microscopy (STM) at 5 K to inject electrons and image the reaction products [see supporting online material (SOM)]. Single molecules adsorb on the Au(111) surface with a calculated binding energy of 11.8 kcal/mol in a structural geometry shown in Fig. 1A (12) . Methyl groups located at the two ends of the S-S bond assume a trans conformation. We observed a total of six equivalent orientations of isolated CH 3 SSCH 3 molecules (two mirror images for each of three azimuthal orientations) on the Au(111) surface. At a higher molecular coverage and at adsorption temperatures between 70 and 200 K, "linear" CH 3 SSCH 3 chains up to five units in length form on the Au(111) surface. The epitaxial chains run along the <112> crystallographic direction with a periodicity of 0.5 nm (Fig. 1, B and C) . Every molecule in the chain has the same orientation of the S-S Fig. 1 bond relative to the gold surface, as well as essentially the same trans configuration of the CH 3 groups. Density functional theory (DFT) calculations, described below, predict that the binding energy of the CH 3 SSCH 3 molecules to the surface decreases by~1 kcal/mol upon chain formation, which is consistent with the spontaneous chain growth only at a high molecular coverage.
The effect of electron injection is illustrated in Fig. 1 for the case of a single CH 3 SSCH 3 molecule (Fig. 1A) , a self-assembled dimer (Fig. 1B) , and a tetramer (Fig. 1C) on the Au(111) surface. Electron injection into a single CH 3 SSCH 3 molecule (blue circle, pulsed at 0.9 to 1.4 V, 1 to 2 nA, 10 to 100 ms) resulted in its dissociation into equivalent adsorbed CH 3 S fragments (12) , as shown in Fig. 1A . In contrast, similar excitation of the dimer and tetramer created new CH 3 SSCH 3 molecules in the interior of the chain and formed one CH 3 S entity at each end of the original chain, as seen from a detailed analysis of the electron injection-induced reaction of the tetramer in Fig. 2 , A to C. Because we can determine the position of the molecules relative to the underlying surface lattice on the basis of the known crystallographic directions and the adsorption site of the CH 3 SSCH 3 molecule (13), we infer that the CH 3 SSCH 3 molecules produced in the electron-induced chain reactions were translated by~2.5 Å, relative to the reactant molecules (Fig. 2, D and E) .
The production of new CH 3 SSCH 3 molecules in the chain's interior, the production of a CH 3 S species at each end of the chain, and the 2.5 Å shift of the product species are consistent only with a reaction process where the S-S bonds of a series of CH 3 SSCH 3 molecules in the chain are broken and new S-S bonds are formed, as shown schematically in Fig. 1 , B and C, for the dimer and tetramer. The chain reaction can be envisioned as a sequence of elementary steps (CH 3 S + CH 3 SSCH 3 → CH 3 SSCH 3 + CH 3 S), each of which is closely reminiscent of the photo- induced free-radical substitution reactions in the gas phase involving the thyil radical (RS•) (14) . Although partial surface bonding of the intermediate CH 3 S species (see below) differentiates it from a free radical, we believe that the chain process observed here represents the atomic-level observation of a radical-mediated chain reaction along the lines of the early postulates in the field of gas-phase kinetics (15) .
As seen in Figs. 1 and 2 , the new CH 3 
molecules; only S-S bond scission or diffusion of the whole molecule occurs (12) . The chain reaction thus represents a new reaction coordinate for CH 3 SSCH 3 molecules dissociating on a surface that appears by virtue of self-assembly. On Au(111), the twofold bonding sites are thermodynamically favorable for the CH 3 S species (13), which makes them the sole product of single-molecule dissociation. However, the close packing of the CH 3 SSCH 3 molecules in the selfassembled chains prevents binding of the nascent CH 3 S to the twofold Au sites. Instead, the CH 3 S fragment is made to react with a neighboring CH 3 SSCH 3 molecule, and a chain reaction occurs in which CH 3 S species induce the scission of neighboring S-S bonds. The DFT calculations (see below), predict that after the initial S-S bondbreaking event, subsequent steps proceed with zero or only very small energy barriers, resembling the control of the steric factor in surface processes initiated by electronic excitation on single-crystal templates, such as in surface-aligned photochemistry (16, 17) .
A chain reaction can also be induced by pulsing electrons into CH 3 SSCH 3 molecules selfassembled on the Au(100) surface, and it is very similar to its analog on Au(111). As seen in Fig. 1D , the reaction of the 15-unit chain of CH 3 SSCH 3 molecules on Au(100) produces a terminal CH 3 S species, followed by 9 contiguous reoriented CH 3 SSCH 3 molecules, and then another CH 3 S species embedded in the partially reacted chain, thus involving a total of 10 CH 3 SSCH 3 molecules. As on Au(111), the apparent tilt of the CH 3 SSCH 3 molecules relative to chain direction is seen to be switched by the reaction, signaling the involvement of the S-S bond dissociation/recombination processes. The most likely cause for the incomplete reaction in the 15-unit chain is energy dissipation to the substrate during the sequence of thermo-neutral steps.
Insight into the process leading to the chain reaction comes from the measurement of the average single-molecule reaction rate as a function of the STM current, as described by W. Ho (18) . As shown in Fig. 3A , the rate of a single CH 3 SSCH 3 dissociation scales as the 1.4 T 0.1th power of the current at a tunneling bias of 1.40 eV. We therefore interpret single-molecule dissociation to be a one-electron process. The quantum yield for the single-molecule reaction is at least 10 −7 events per electron, which is several orders of magnitude higher than that found for surface reactions caused by direct vibrational excitation of the molecules by tunneling electrons (18) (19) (20) . These observations support a mechanism involving electron capture into the lowest unoccupied molecular orbital (LUMO) of the adsorbed CH 3 SSCH 3 molecule (21). This orbital is antibonding and localized on the S-S bond (Fig. 4A) . The DFT calculations predict the LUMO to be centered at~1.8 eV above the Fermi level (Fig. 4A) , which, considering broadening of the levels and additional imagecharge stabilization of the transient anion, is in good agreement with the observed reaction onset at 1.4 eV. After the electron capture, the reaction can proceed by either of two separate routes: (i) dissociation of the anion state, in which case the process is known as dissociative attachment (21), or (ii) electron detachment leaving a vibrationally hot CH 3 SSCH 3 molecule, which then proceeds to dissociate. At present, we cannot determine which of these two processes is dominant.
One electron-induced dissociation of single CH 3 SSCH 3 molecules is independently confirmed by a kinetic study of the long-range dissociation that occurs in a large area around the scanning tunneling microscope tip (up to 50-nm radius at 2.0 eV) if the electron energy exceeds 1.4 eV, as (Fig. 3B ) above a threshold excitation energy, identifying them as one-electron processes under these conditions. An important distinction between the longrange reactions involving single molecules and those involving CH 3 SSCH 3 chains on the Au(111) [as well as the Au(100)] surface is a substantially lower (by >0.2 eV) energy threshold for the chain reaction, as determined from a statistical analysis of the long-range reactions (left panel in Fig. 3B ). This observation is also confirmed by the STM images shown at the right in Fig. 3B , where several consecutive excitation pulses in the center of the STM image with a maximum energy of 1.5 eV cause multiple chain reactions in the surrounding area (for instance, trimers in the yellow circle), whereas all of the isolated molecules in the field of view remain intact. Figure 4 , A and B, provides the details of the calculated electronic structure of a single CH 3 SSCH 3 molecule and the self-assembled dimer (see SOM), both in the gas phase (blue curves) and adsorbed on a four-layer slab of Au(111) (red curves). The purpose of the gasphase calculations is to estimate the degree of molecular orbital overlap that can exist between CH 3 SSCH 3 molecules positioned at a distance and in the orientation closest to their adsorbed state. Therefore the gas-phase species are frozen in their optimized adsorbed configuration. The major changes upon adsorption are: (i) the LUMOs shift downward in energy upon adsorption by~1.6 eV (single molecule) and~1.8 eV (dimer), and (ii) the LUMO of the monomer is split into two or more low-lying orbitals in the dimer and longer self-assembled chains (Fig. 4, C  and D) . In the tetramer chain, the LUMO is calculated to be 0.4 eV closer to the Fermi level than is the LUMO of an isolated CH 3 SSCH 3 molecule (Fig. 4, A and B) . This result explains the lower threshold energy (by >0.3 eV) (Fig. 3B) for the initiation of the chain reaction in the tetramer, as compared with that for dissociation of the isolated molecule. The LUMO-derived orbitals are considerably less broadened upon adsorption as compared with other molecular orbitals (Fig. 4, A and B) , which implies that the former do not mix appreciably with the electronic states of the gold substrate (23) . Direct imaging by STM of the LUMO of the isolated CH 3 SSCH 3 molecules or their chains is not possible on gold surfaces because of the high efficiency of dissociation.
The chain reaction can also be induced by tunneling electrons at a substantially lower energy (i.e., 0.7 to 1.0 eV) than the 1.2-eV threshold reported in Fig. 3B , if the scanning tunneling microscope tip is positioned directly above a molecular unit of the chain, as in Fig. 1 . In this case, the reaction is strictly localized to the chain under the scanning tunneling microscope tip, and the reaction rate scales approximately quadratically with tunneling current (Fig. 3A) , establishing a two-electron mechanism (19) . The energy of each electron is substantially higher than any of the fundamental frequencies of the CH 3 SSCH 3 molecule [the highest of which is a C-H stretch with an energy of~360 mV (24) ], whereas at the same time it is about half as large as the onset energy for single-electron dissociation. Although this could signal a direct vibrational excitation process, the sharp increase of the reaction rate in the energy range between 0.7 and 1.0 eV suggests that the two-electron process may also proceed through an anionic intermediate, with the first electron causing direct vibrational excitation and the second being captured by a vibrationally hot CH 3 SSCH 3 molecule.
How does the transient anion formed by electron attachment to a CH 3 SSCH 3 chain on a gold surface evolve? In the case of the surface-resonance assisted excitation, the hot electron is captured by a delocalized orbital, as shown in Fig. 4 . However, the initially formed delocalized anionic state is likely to become rapidly localized on an individual CH 3 SSCH 3 molecule through vibronic coupling. When the tip is positioned directly above the chain, the resulting anion is expected to be initially localized on a single CH 3 SSCH 3 molecule, because the molecule directly under the tip will probably be electronically decoupled from the chain by either the electric field of the tip or the vibrational excitation in the two-electron regime. In general, anion states on metal surfaces have very short (subfemtosecond) lifetimes (25) . However, even with such a short lifetime, a small fraction of the CH 3 SSCH 3 anions could dissociate before electron detachment. This possibility is intriguing because this process would be barrierless, whereas the DFT calculations give a barrier of~0.4 eV for breaking the first S-S bond for the neutral chain. Otherwise, the molecule can dissociate in the ground electronic state if the neutralization of the anion provides enough vibrational excitation to the molecule.
The dissociation of either neutral or anionic CH 3 SSCH 3 molecules at the end of a chain produces CH 3 S fragments with considerable excess kinetic energy, one of which impinges on a neighboring CH 3 SSCH 3 molecule, leading to cleavage of its S-S bond, the formation of a new S-S bond, and the ejection of another CH 3 S fragment that can repeat the process. In the event that the initially cleaved CH 3 SSCH 3 is in the interior of the chain, both CH 3 S fragments induce reactions in the two directions along the chain, as has been observed experimentally after locally pulsing a molecule in the middle of the chain. Gradual dissipation of the kinetic energy to the underlying bulk eventually quenches the chain reaction. We calculated the energy landscape for such a scenario for the neutral trimer assembly (Fig. 4E) and found that the barrier for breaking the first S-S bond is~0.4 eV [nudged-elastic band (NEB) images 0 to 3)], as mentioned above, and that the S-S bond shifting process (NEB images 4 to 8) then proceeds without barriers. A small second barrier (~0.1 eV) in Fig. 4E is associated with the motion of the terminal CH 3 S group toward its bridge-bonded site. The main reason for the nearly activationless interior reaction is the formation of a metastable complex, where an intermediate atop-bonded CH 3 S species is stabilized by the neighboring CH 3 SSCH 3 molecule.
The discovery of electron-induced chain reactions on surfaces suggests a number of future research directions. In addition to exploring the intriguing reaction dynamics in these systems with the use of ultrafast techniques, one can envision designer molecular assemblies on surfaces where chain reactions yield the desired final product via low-energy and stereospecific pathways. Also, the broad field of photochemistry on surfaces (26) will now have to account for chain processes in surface reaction mechanisms and in photocatalyst degradation.
